Abstract. The spectrum bandwidth of long-period fiber grating ͑LPG͒ for various high-order cladding modes are analyzed in detail by two-mode coupled-mode equations and applied to design narrow bandwidth optical add-drop multiplexer ͑OADM͒ based on two parallel LPGs. In addition, in order to obtain the maximal power transmission, we further derive the structure parameters of OADM such as the distance between two parallel fibers and the length of two long-period fiber gratings according to four-mode coupled-mode equations. As far as this OADM structure is concerned, it is obvious that LPG will dominate the entire bandwidth if LPG has enough narrow bandwidth in comparison with the 2 ϫ 2 coupler. In other words, we can easily use LPG to estimate the bandwidth of OADM before starting to design it. In order to survey the feasibility of the above statement, the spectrum bandwidths of LPG and OADM for the various bandwidth of high-order cladding modes are compared and analyzed. Utilizing the four steps proposed in this paper, the numerical results have demonstrated that we can use the high order cladding mode = 125 to design the OADM that possesses narrow FWHM ͑Ͻ0.4 nm͒ and meets the DWDM system.
Introduction
It is well-known that long-period fiber grating ͑LPG͒ written periodically by ultraviolet light into the core of an optical fiber can couple the power among the co-propagating modes. The coupling between core mode HE 11 and cladding modes has been used extensively as band rejection filters, gain flatteners, and dispersion compensators. [1] [2] [3] So far, all the researches about the spectrum of LPG has emphasized the coupling between core mode HE 11 and loworder cladding modes such as Refs. 4-7. Obviously, it seems impossible to use LPG to design wavelengthdivision multiplexing ͑WDM͒ components.
The most critical component for developing a wavelength-division multiplexing system is the optical adddrop multiplexer. A simple OADM device that adds and/or drops a designed channel provides a building block of the complicated optical fiber communication system. Over the past several decades, many types of OADMs have been proposed, such as the well-known structure that consists of a fiber Bragg grating and two optical circulators ͑OCs͒, 8, 9 a Mach-Zahnder structure that relies on the interference between two lights reflected by Bragg gratings, 10, 11 and the configuration based on a null coupler with a tilted grating in the waist. 12 In 2000, a simple architecture that consists of two parallel long-period fiber gratings was proposed by K. S. Chiang et al. 13 This device is actually based on the mode coupling by properly designing the period of LPG and the power coupling between two parallel and identical optical fibers. As excellent as this structure is, it has two serious drawbacks. One is a too wide FWHM ͑ϳ20 nm͒, and the other is that it is very difficult to use four-mode coupledmode equations to study the bandwidth characteristics before starting to design this OADM. According to the fundamental property of mode, the high-order cladding mode is more sensitive to the variation of wavelength than the low-order mode. 7, 14 In other words, the high-order cladding mode can depart from the phasematching condition more rapidly than the low-order mode when the wavelength changes. This simple concept implies that it is possible for LPGs to possess narrow bandwidth as an FBG. In this paper, we will use two-mode coupled-mode equations to analyze and quantify the spectrum bandwidth of LPG for various high-order cladding modes in detail. According to the analytic result and the requirement for the bandwidth, the proper high-order cladding mode is determined to design narrow-bandwidth OADMs based on two parallel LPGs.
So far as the design of an OADM is concerned, the bandwidth and the transmission power are two main criteria on judging the entire performance. Therefore, in order to obtain the maximal power transmission, we will derive the structure parameters of an OADM such as the distance be-tween two parallel fibers and the length of two long-period fiber gratings according to four-mode coupled-mode equations and propose four design steps.
Due to the difference in the structure, it is no doubt that OADM is different from LPG in the spectrum bandwidth even if they are designed on the same cladding mode. However, it is obvious that LPG will dominate the bandwidth of OADM if the cladding mode, which we determine at first, has enough narrow bandwidth in comparison with the 2 ϫ 2 coupler. In other words, it is possible only to use LPG to estimate the bandwidth of OADM before starting to design it. We will compare the spectrum of LPG and OADM for the various bandwidths of high-order cladding modes to survey the deviation of the estimation. In addition, we will also analyze the insertion loss, the homo-dye crosstalk, and the hetero-dyne crosstalk of this OADM in detail according to the obtained spectrum.
Bandwidth Analysis of LPG for High-Order
Cladding Modes As a uniform long-period fiber grating is induced in the fiber core, the two-mode coupled-mode equations that describe the coupling between the core mode HE 11 and the co-propagating cladding mode can be written as follows:
where A co ͑z͒ is the amplitude of the core mode HE 11 , A cl ͑z͒ is the amplitude of the cladding mode , co−co is the "dc" coupling coefficient of the core mode HE 11 , cl−cl is the "dc" coupling coefficient of the cladding mode , k cl−co v is the "AC" coupling coefficient between the core mode HE 11 and cladding mode , is the UV-induced refractive-index variation, and ⌳ is the period of LPG.
Note that throughout this paper, the three-layer cylindrical optical fiber is described by the following parameters: n 1 = 1.447, n 2 = 1.4412, n 3 = 1.000 ͑air͒, a 1 = 4.65 m, and a 2 = 62.5 m. In addition, the long-period fiber grating is assumed to be a circularly symmetric index perturbation, so that the coupling interaction only occurs between HE 11 and the cladding modes with azimuthal order l =1. 4 After solving the dispersion relations of the cladding modes with the above parameters, there are as many as 166 cladding modes at the operating wavelength = 1550 nm. In Fig. 1 , we show the "AC" coupling coefficient k cl−co for the 166 cladding modes and choose some high-order cladding modes = 99, 125, and 153 to study the bandwidth characteristic of LPG.
Utilizing the boundary condition of LPG, A co ͑z =0͒ =1 and A cl ͑z =0͒ = 0, the bar and cross-power transmission can be derived from Eq. ͑1͒ and written as follows:
where is the general "dc" self-coupling coefficient, n co is the effective refractive index of the core mode HE 11 , and n cl is the effective refractive index of the cladding mode . From Eq. ͑6͒, the bandwidth of the resonance is given by twice the change in wavelength that causes the general "dc" self-coupling coefficient to vary from = 0 to a value of either ± zero = ± ͱ ͑ / L͒ 2 − k co− a , cl− a 2 ͑for the bandwidth between the first zeros on either side of the resonance͒. In addition, in order to couple completely a core mode to the cladding mode, which we desire, at the operating wavelength, the period and length of long-period fiber grating should be properly designed by He, Lo, and Huang: Bandwidth analysis of long-period fiber grating ...
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So as to quantify specifically the relation between the order of cladding mode and first zero bandwidth, Fig. 2͑a͒ shows the first zeros bandwidth for high-order cladding modes, = 99, 125, and 153. In addition, the cross-power transmission corresponded to Fig. 2͑a͒ is shown in Fig.  2͑b͒ . Note that in Eqs. ͑5͒ and ͑6͒, the name, "dc" coupling coefficient, follows Ref. 5 rather than Ref. 6 , although the concept to quantify first zeros bandwidth is the same as Ref. 6 . As shown in Fig. 2 , the higher the order, the narrower the first zeros bandwidth. This arises mainly because the variation in general "dc" self-coupling coefficient of high-order cladding mode is larger than the low-order cladding mode with the change of wavelength, or the highorder cladding mode is much more sensitive to wavelength than the low-order cladding mode. In Fig. 2 , we can clearly find that the high-order cladding mode = 99, = 125, and = 153 possesses first zeros bandwidth about 1.6 nm, 0.7 nm, and 0.3 nm, respectively. Obviously, it has proved the correction of the statement that it seems possible for LPG to possess narrow bandwidth as FBG. Based on the consideration of the narrow bandwidth, in the remainder of this paper, we will use these three cladding modes to observe the spectrum characteristic of LPG and complete the design of OADM.
Utilizing Eq. ͑7͒, we can also analyze the position where resonance occurs, = 0, and the results are shown in Fig.  3͑a͒ ͑when LPG is designed for cladding mode =99͒, Fig.  4͑a͒ ͑when LPG is designed for cladding mode = 125͒, and Fig. 5͑a͒ ͑when LPG is designed for cladding mode = 153͒. For reasons of completeness, we plot the bar power transmission spectrum corresponding to Fig. 3͑a͒,  Fig. 4͑a͒ , and Fig. 5͑a͒ in Fig. 3͑b͒, Fig. 4͑b͒, and Fig. 5͑b͒ , respectively.
Operating Principle and Design of OADM
The optical add-drop multiplexer consists of two similar optical fibers ͑fibers a and b͒, which are placed in close proximity with d, and two long-period fiber gratings ͑LPG1 and LPG2͒, which are periodically written by ultraviolet light into the core layer of fibers a and b, as shown in Fig.  6 . When we properly design LPG 1 at a desired wavelength, the launched light at the input port of fiber a can be converted from the core mode into the cladding mode that we desire. Then, this cladding mode propagates in fiber a and excites the identical cladding mode supported by fiber b through the evanescent field between the two similar fibers. The cladding mode propagating in fiber b can be transformed to the core mode by writing LPG 2, whose period and length are the same as LPG 1's, into the core layer of fiber b. Obviously, the resonant wavelength ͑core mode͒ will be dropped at the drop port of this structure, and the other nonresonant wavelengths ͑core mode͒ will remain in fiber a, since their evanescent fields decay rapidly so as not to extend to fiber b. Similarly, the launched light at the add port of fiber b can be added to fiber a because of the symmetry of this structure.
The coupled-mode equations that can describe the coupling among these four modes are written as follows 13 : 
where A co−a ͑z͒ is the amplitude for core mode HE 11 propagating in fiber a, A cl−a ͑z͒ is the amplitude for cladding mode propagating in fiber a, A co−b ͑z͒ is the amplitude for core mode HE 11 propagating in fiber b, A cl−b ͑z͒ is the amplitude for cladding mode propagating in fiber b, k co−a,cl−a is the "AC" coupling coefficient between core mode HE 11 and cladding mode for fiber a, k co−b,cl−b is the "AC" coupling coefficient between core mode HE 11 and cladding mode for fiber b, co−a,co−a is the "dc" coupling coefficient of core mode HE 11 for fiber a, cl−a,cl−a is the "dc" coupling coefficient of cladding mode for fiber a, c cl−a,cl−b is the cross coupling coefficient between fibers a and b for cladding mode , c cl−a,cl−a is the self-coupling coefficient of cladding mode for fiber a, is the UV-induced refractiveindex variation, and b is the dielectric constant of fiber b. Note that in this paper we assume that the core mode HE 11 and the cladding mode in fiber a are the same as those in fiber b, since two similar fibers are used. Utilizing the boundary condition of OADM, A co−a ͑z =0͒ =1, A cl−a ͑z =0͒ =0, A co−b ͑z =0͒ = 0, and A cl−b ͑z =0͒ = 0, the bar and cross power transmission can be written as follows:
with
From Eq. ͑22͒, the maximum cross-power transmission ͑which occurs when ␦ =0͒ is
Besides, if we further set
and
the maximum cross-power transmission will equal 1. After substituting Eqs. ͑23͒ and ͑25͒ into Eqs. ͑28͒ and ͑29͒, the cross-coupling coefficient, c cl−a,cl−b , and the length of two LPGs, L OADM , are obtained as follows:
In other words, once the cladding mode that we use to design the OADM is determined ͑that is, the "AC" coupling coefficient, k co−a,cl−a , is determined͒ according to the requirement for the bandwidth, in order to obtain maximal power transmission, the cross-coupling coefficient and the length of two LPGs must meet Eqs. ͑30͒ and ͑31͒ simultaneously. Finally, we propose four steps below to design the narrow-bandwidth OADM:
͑1͒ According to the bandwidth analysis of LPG and the requirement for the narrow bandwidth, determine which of the cladding modes will be used to design the OADM. ͑2͒ Calculate the "AC" coupling coefficient of the chosen cladding mode by using Eq. ͑15͒, and then calculate the length of two LPGs by using Eq. ͑31͒. ͑3͒ Find which distance ͑d͒ can make the crosscoupling coefficient, calculated by Eq. ͑19͒, meet Eq. ͑30͒. ͑4͒ Calculate the period of two LPGs by ⌳ OADM = 2 ͑␤ co−a −␤ cl−a +k co−a,co−a −k cl−a,cl−a −c cl−a,cl−a ͒ .
Due to the difference in the structure, it is no doubt that the OADM is different from the LPG in the spectrum band-width even if they are designed on the same cladding mode. However, if the cladding mode, which we determine first, has enough narrow bandwidth in comparison with the 2 ϫ 2 coupler, it is obvious that LPG will dominate the bandwidth of OADM. In Fig. 8 , we compare the cross-power transmission of OADM and LPG on high-order cladding mode = 99, 125, and 153. Obviously, the difference between LPG and OADM in the FWHM can almost be neglected. In other words, we can estimate the bandwidth of OADM before starting to design the OADM by calculating the bandwidth of LPG. Besides, Figs. 7 and 8 also prove that LPG is capable of designing the narrow FWHM OADM. Based on the same concept, we can anticipate that the OADM designed at the cladding modes = 99, 125, and 153 will, respectively, possess the spectrum similar to Figs. 4-6. In Figs. 7-10 , we show the cross and bar power transmission of LPG and OADM for the design at the high-order cladding modes = 99, 125, and 153. According to conservation of energy, the total power of cladding modes at z = L OADM can be obtained by 1 − ͓t = ͑z = L OADM ͒ + t x ͑z = L OADM ͔͒, and it will be regarded as the insertion loss of OADM. As shown in Figs. 8͑b͒, 9͑b͒ , and 10͑b͒, the highorder cladding mode = 154 possesses the highest insertion loss at the center wavelength. According to the definition of Eq. ͑21͒, it is obvious that the magnitude of bar power transmission at z = L OADM will result in the homo-dyne crosstalk. As shown in Figs. 8͑b͒, 9͑b͒ , and 10͑b͒, the highorder cladding mode = 154 possesses the largest homodyne crosstalk at the center wavelength. In terms of the hetero-dyne crosstalk in this OADM, we can find the interference between high-order cladding mode = 99 and 100 is lowest as shown in Fig. 10͑b͒ . Finally, based on the above analysis, we choose the high-order cladding mode = 125 to design the OADM.
Conclusions
In this paper we analyze the spectrum bandwidth of LPG for high-order cladding modes = 99,125, and 153 in detail by two-mode coupled-mode equations. According to the analytic result and the requirement for the bandwidth, the proper high-order cladding mode is determined to design narrow-bandwidth OADM based on two parallel LPGs. In addition, we also derive the structure parameters of OADM such as the distance between two parallel fibers and the length of two long-period fiber gratings to obtain the maximal power transmission by four-mode coupled-mode equations. From the spectrum of OADM obtained by the proposed four steps, we discuss the insertion loss, the homodye crosstalk, and the hetero-dyne crosstalk of the OADM in detail and prove that the deviation on using LPG to estimate the FWHM of OADM ͑before starting to design it͒ is acceptable as long as the FWHM of LPG that we use to design the OADM is less than 0.4 nm. The numerical results have demonstrated that we can use the high-order cladding mode = 125 to design the OADM that possesses narrow FWHM ͑Ͻ0.4 nm͒ and meets the DWDM system.
